In transport experiments through columns packed with naturally Fe/Al oxide-coated quartz sand, breakthrough curves (BTCs) of natural organic matter (NOM) displayed strong and persistent power law tailing that could not be described by the classical advection-dispersion equation. Tailing was not observed in BTCs for a nonreactive tracer (sulforhodamine B); therefore, the anomalous transport is attributed to diverse adsorptive behavior of the polydisperse NOM sample rather than to physical heterogeneity of the porous medium. NOM BTC tailing became more pronounced with decreases in pH and increases in ionic strength, conditions previously shown to be associated with enhanced preferential adsorption of intermediate to high molecular weight NOM components. Drawing from previous work on anomalous solute transport, we develop an approach to model NOM transport within the framework of a continuous time random walk (CTRW) and show that under all conditions examined, the CTRW model is able to capture tailing of NOM BTCs by accounting for differences in transport rates of NOM fractions through a distribution of effective retardation factors. These results demonstrate the importance of considering effects of adsorptive fractionation on NOM mobility, and illustrate the ability of the CTRW model to describe transport of a multicomponent solute.
Introduction
N atural organic matter (NOM)-a polydisperse mixture of organic compounds that vary in their physicochemical properties-is ubiquitous in aquatic systems and can have a considerable impact on contaminant and nutrient mobility (Qualls and Haines, 1991; McCarthy, 1998; Chi and Amy, 2004a) . Mobility of any material bound to NOM can be retarded by NOM adsorption to porous media or enhanced when NOM itself remains mobile (McCarthy and Zachara, 1989; Maurice, 2009) . Adsorption of NOM to minerals is complex and can be controlled by a variety of surface and interfacial forces and mechanisms (Sposito, 1984; Maurice, 2009) , depending upon the physicochemical properties of the NOM sample, the properties of the sorbent mineral phases, and solution conditions such as pH and ionic strength (I). The range of adsorption rates and affinities displayed by a given NOM sample is related to its molecular weight (MW) distribution , although factors such as aromaticity, carboxyl group content, and amino acid residues-which often correlate with MW-can also be important (McKnight et al., 1992; Chi and Amy, 2004b) . Preferential adsorption to mineral surfaces, most commonly of intermediate to high MW components, may result in adsorptive fractionation, as has been observed in batch experiments (Meier et al., 1999; Namjesnik-Dejanovic et al., 2000; Chorover and Amistadi, 2001; Hur and Schlautman, 2003) and pulsed addition column experiments (Kreller et al., 2013) . Such fractionation is enhanced when high NOM surface coverage results in competition between different components for surface sites (Zhou et al., 2001) ; this tends to occur at low pH and high I (Tipping, 1981; Vermeer et al., 1998; Zhou et al., 2001) .
Adsorptive fractionation, most likely combined with adsorption kinetics, leads to complex transport behavior as the various NOM fractions have different mobility. As a result, NOM breakthrough curves (BTCs; see Fig. 2 ) often contain significant tailing (asymmetry) that cannot be captured by the classical advection-dispersion equation (ADE) for solute transport (Dunnivant et al., 1992; McCarthy et al., 1993; Seders Dietrich et al., 2013) . Empirical models have been developed that successfully reproduce observed NOM BTCs under various conditions and identify parameters important in controlling NOM breakthrough (e.g., Zachman et al., 2007) . Whereas empirical models are clearly powerful, building them can require large data sets, and extrapolation beyond the specific experimental conditions used to develop a model can be risky. Improved understanding and prediction of NOM transport require further development of more mechanistic models that explicitly take into consideration potential sources of NOM BTC tailing.
Transport that does not obey the ADE due to tailing has been described as ''nonideal,'' ''anomalous,'' or ''nonFickian'' (because the ADE assumes dispersion in accordance with Fick's law), and is often attributed to sorption isotherm nonlinearity and/or kinetic effects (Bahr and Rubin, 1987) . In many cases involving transport of a single solute in a homogeneous porous medium, sorption can be incorporated into the ADE simply by rescaling using a constant effective retardation factor R that accounts for mass transfer between the aqueous and solid phases (Weber et al., 1991) . However, in natural systems containing physical and/or chemical heterogeneity, variability in adsorption behavior, hence in R, may be the dominant mechanism leading to tailing (Bellin et al., 1993; Bolster and Dentz, 2012) . Although often identified with heterogeneity of the porous medium, anomalous transport and BTC tailing would also be expected in systems where variability in R is associated with a complex solute mixture such as NOM. Such variability has been observed for NOM size fractions, both in laboratory column experiments and field tracer tests. Seders Dietrich et al. (2013) analyzed the MW distributions of column influent and effluent using high-pressure size exclusion chromatography (HPSEC) to calculate travel times for individual NOM MW intervals. They observed a broad range of retardation factors (R = 1.4-7.9) that depended on pH and I and generally increased with MW. McCarthy et al. (1996) noted differences in the mobility of NOM size fractions in a shallow, sandy aquifer and argued that predictive modeling of NOM transport requires a multicomponent representation capable of accounting for its physicochemical complexity. Such a representation may be either discrete or continuous (e.g., Annesini et al., 1994) .
In the discrete approach, which has been applied to NOM by a number of researchers (Kilduff et al., 1996; Weigand and Totsche, 1998; Schideman et al., 2006) , the multicomponent solute mixture is divided into a finite number of pseudocomponents displaying similar adsorption behavior (Ramaswami and Tien, 1986) . Adsorption of each pseudocomponent is modeled explicitly. Whereas the wide array of organic compounds within NOM makes it difficult to identify specific pseudocomponents, van de Weerd et al. (1999 van de Weerd et al. ( , 2002 reported good agreement between experimental isotherms and a model representing NOM using either 3 or 6 fractions that varied in their local adsorption behavior based on MW and hydrophobicity. Heterogeneity of the porous medium (i.e., physical heterogeneity) was assumed to have a negligible effect on transport of the NOM mixture. This is an important assumption because purely physical heterogeneity can induce tailing in some hydrologic systems (Sugita and Gillham, 1995) . Batch adsorption data were used to estimate sorption parameters for each NOM fraction, and the overall BTC was calculated by solving a set of mass balance equations that described sorption of each fraction using a competitive Langmuir isotherm. Multicomponent representation of NOM using this type of approach is typically constrained by computational capabilities; for example, the code used by van de Weerd et al. (2002) limited transport simulations to a maximum of three NOM fractions. Additionally, because parameters measured in batch experiments often fail to accurately predict transport in column experiments (Szecsody et al., 1998) , such an approach is not generally applicable.
In the work described here, we applied a continuous approach, in which the multicomponent NOM system is represented as a continuum containing an infinite number of individual fractions, and parameters for individual solute particles are sampled from a distribution function. To quantify transport based on this distribution function, we turn to a modeling approach that has enjoyed significant success in capturing anomalous (non-Fickian) transport in the context of heterogeneous porous media: the continuous time random walk (CTRW). This model describes macroscopic transport in terms of a probabilistic distribution for mass transfer at the local scale. In a heterogeneous medium, this distribution may be related to spatial variability in R (Dentz and Castro, 2009) . Given that heterogeneous mass transfer may also arise through multicomponent adsorption behavior of a polydisperse solute such as NOM, the CTRW model can be adapted to account for variability in R associated with the solute. Although this work focuses on the CTRW model, other alternative transport models, such as multirate mass transfer or a subordinated ADE model-both of which have been shown mathematically equivalent to a CTRW Meerschaert and Scheffler, 2004 )-should also be capable of describing NOM transport.
The aim of this research is to explore the following hypotheses: (1) variability in adsorption behavior as a function of MW leads to tailing of NOM BTCs under a broad range of solution conditions, and (2) this tailing can be interpreted through an appropriate mathematical formulation of the CTRW. The modeled data are from a series of column experiments by our group (Seders Dietrich et al., 2013) that used a porous medium consisting of naturally Fe/Al oxidecoated quartz sand and an NOM sample that was previously shown to undergo adsorptive fractionation to the Feoxyhydroxide mineral goethite in batch experiments (Pullin et al., 2004) . Various conditions of pH (5-8) and background electrolyte concentrations (0.001-0.01 M NaClO 4 ) were examined. As outlined in Seders Dietrich et al. (2013) , column effluent MW distributions at four sampling times were determined by HPSEC. After separating the MW distributions into five discrete intervals or bins, observed effective retardation factors (R o ) calculated for each bin generally increased with MW. The research presented here builds upon our prior work by fitting the NOM BTCs using a CTRW model, which we construct assuming a continuous distribution for R. This research represents the first application of the CTRW model to transport a physicochemically diverse, well-characterized solute of widespread environmental importance-NOM.
Theory

Anomalous transport and retardation
One characteristic of solute transport in heterogeneous systems that receives much attention is extended and persistent tailing in BTCs, a feature that simply cannot be modeled using the classical ADE. Tailing-particularly power law tailingreflects the sensitivity of transport to heterogeneity across multiple scales (Berkowitz et al., 2006) . Analytically, it may be shown that non-Fickian transport arising in a heterogeneous porous medium with a random, spatially variable R can be upscaled (i.e., statistically averaged at an observation scale much larger than the correlation length of the spatial heterogeneity) and described by a CTRW, but not by the ADE with an average (constant) R (Dentz and Castro, 2009; Dentz and Bolster, 2010) . Upscaled models typically assume that the underlying random field is stationary and ergodic, such that its properties can be deduced from a single statistical representation of the transport process, or in this case that the full distribution of R is accessible to the solute plume. However, for a given realization of the heterogeneous field, the solute plume may only be sampling the full spatial statistics of the system at late (asymptotic) times, if at all (De Barros and Rubin, 2011) . This can mean that for certain applications, an ergodic state is not achieved at timescales of interest; thus, the assumptions of the upscaled model are violated (FernandezGarcia and Gomez-Hernandez, 2007) . In such cases, CTRWpredicted concentrations are subject to substantial uncertainty . On the other hand, in this work, we hypothesize and aim to demonstrate that a description of anomalous transport in a system where variability in R arises from physicochemical diversity of the solute (and not heterogeneity associated with the medium) is not subject to this limitation.
CTRW framework
Earliest applications of the CTRW model focused on electron transport through amorphous semiconductors, in which random potential fluctuations give rise to localized traps (i.e., potential minima) that temporarily delay electron migration (Scher and Lax, 1973) . Applications of the CTRW model in hydrology have addressed the trapping of solutes due to various forms of physical and chemical heterogeneity in the porous medium. Conceptually, particles representing a certain mass of solute travel through a medium using a series of random transitions in space and time, which can be described by a joint probability density function (pdf), w(x, t), where x is the particle displacement and t is time. Macroscopically, solute concentrations can be expressed in terms of this pdf, which should encompass all mechanisms governing transport (i.e., advection, dispersion, and sorption). The concentration distribution c(x, t) can often be related to w(x, t) through a convolution integral reflecting nonlocality in space and/or time (Berkowitz et al., 2006) ; we focus here on transport that is nonlocal in time.
Following Berkowitz et al. (2006) , the continuum form of the one-dimensional solute transport equation is as follows:
which may be written in Laplace space as the following equation:
It is convenient to work with Laplace transformed equations to replace the convolution in Equation (1a) with a product. Details on the Laplace transform are provided in the Supplementary Data (Supplementary Data are available online at www.liebertpub.com/ees). In Equation (1b), u is the Laplace variable,c(x, u) is the Laplace-transformed concentration, c 0 (x) is the initial condition for concentration, v w is the transport velocity (which may be distinct from the fluid velocity), D w is a generalized dispersion coefficient, and
is what is called the memory function with characteristic time t 1 . The memory function may take on a range of different forms reflecting different types of transport. The choice ofw(u), the Laplace-transformed distribution of particle transition times, controls the structure of the memory function and represents the underlying transport mechanism(s). One model that has been applied successfully to a number of test cases is the truncated power law (TPL) (Dentz et al., 2004) as follows:
where t 2 is a cutoff time ( > t 1 ), b is the power law exponent, and G(a, x) is the incomplete gamma function. The TPL model is adopted here because it is capable of representing a broad range of tailing behaviors that may arise in natural systems. The exponent b indicates the nature of the dispersion; transport is Fickian for b > 2 and is increasingly anomalous for decreasing b. The cutoff time allows a transition from anomalous behavior to Fickian behavior at t >> t 2 . Oncew(u) is defined, the above equations may be solved for the resident concentrationc(x, u) or the mass fluxj(x, u), which is related toc as follows:
where a w = D w /v w is the dispersivity. The inverse Laplace transform is then applied to convert the Laplace-domain solution to a time-domain solution. The work described here entails the solution of the inverse problem: determination of w(u) based on measurement of the solute BTC, which is equivalent toj(x, u) evaluated on the plane x = L, where L is the column length. Many different conceptual models of solute transport may lead to a CTRW. Previous applications of CTRW modeling have successfully captured nonequilibrium and/or nonlinear adsorption (Drazer et al., 2000; Margolin et al., 2003; Deng et al., 2008) ; however, the CTRW approach has not been applied previously to adsorption from solute mixtures. Detailed derivation of one possible formulation of the CTRW model for a physicochemically diverse solute such as NOM is provided in the Supplementary Data. Briefly, local transport is described in terms of the motion of a finite number of solute particles. Each particle carries an equal fraction of the total solute mass, but represents a unique chemical subset of NOM. Transport of a given particle is governed by a retardation factor R that depends on the particle's chemical characteristics, and is sampled from some probability density P(R), treating R as an independent, identically distributed random variable. The particle trapping time distribution w(t), and hence the memory function M(t), are defined in terms of P(R). In a homogeneous medium, R depends only on the properties of the solute and thus w(t) is naturally independent of position. The upscaled concentration, obtained by averaging over the ensemble of solute particles, can be calculated according to Equation (1b) once M(t) is defined.
Materials and Methods
Column experiments
The NOM sample used here was collected by reverse osmosis (RO) processing of surface water at Nelson's Creek (NLC), a first-order stream draining a freshwater wetland in northern Michigan, using a RealSoft PROS/1S RO system. This sample has been well characterized and used in a variety of adsorption and degradation experiments by our group (Pullin et al., 2004; Kreller et al., 2005) . The sampling procedure and characteristics of stream water and NOM sample are described by Pullin et al. (2004) , and details regarding the RO system used to isolate the sample are reported by Serkiz and Perdue (1990) . ; weight-average MW = 2531 Da and numberaverage molecular weight = 1593 Da as determined by HPSEC. Fluorescence excitation/emission spectra (Maurice group, unpublished data) contain the two main peaks that are typical for surface waters rich in aquatic humic substances (Goldberg and Weiner, 1989 ): a very intense A peak at excitation k = 230 nm and emission k = 425 nm and a less intense H peak at excitation k = 320 nm and emission k = 435 nm. Sample polydispersity q = 1.59, which is within the range of values (q = 1.52-2.04) reported by Cabaniss et al. (2000) , for 11 NOM samples isolated (by XAD-8 resin) from various locations in the United States. The experimental procedure used in laboratory column studies of the NLC RO concentrate is described here in brief; further details are provided by Seders (2010) and Seders Dietrich et al. (2013) .
A stock solution of NOM and deionized (MilliQ Ò ) water was mixed with the background electrolyte NaClO 4 (0.001-0.01 M) to make sample solutions (5 mgC/L) used in experiments. This influent [DOC] was chosen based on the adsorption isotherms of the NLC RO concentrate to the Fe oxyhydroxide mineral goethite (Pullin et al., 2004) and adjusting for the surface area of the Fe/Al oxide-coated sand, such that adsorption may be approximated using a linear isotherm-that is, the system is sufficiently dilute (Delle Site, 2001). Solution pH was adjusted to *5, 6, 7, or 8 with HCl and/or NaOH. NOM solutions were passed through columns consisting of a borosilicate glass barrel (10 cm long and 1.0 cm inner diameter) packed with naturally Fe/Al oxidecoated quartz sand collected from the U.S. Department of Energy research site in Oyster, VA (Dong et al., 2002) , hereafter referred to as the Oyster sand. Characteristics of the Oyster sand (e.g., mineralogy, bulk density, and grain size) are reported by Dong et al. (2002) , Penn et al. (2001) , and Seders (2010) . The surface chemistry of the sand is altered by the presence of Fe/Al oxides (Penn et al., 2001) , which tend to have relatively high points of zero charge, and hence, higher affinities for NOM than does pure quartz, which tends to have a point of zero charge at pH *2 (Maurice, 2009 and references therein). We model the sand column as an effective homogeneous medium, assuming that nm-scale heterogeneity in the Al, Si, and Fe content of Oyster sand surfaces (as observed by Penn et al., 2001 ) is likely to average out at the transport scale. Continuous injection of solution through a gravity feed system with continuous flow from the bottom to the top of the column was used in all experiments to pass NOM through the stationary sand grains at a flow rate of *2 mL/min. A relatively fast flow rate was chosen to minimize the potential for interferences from microbial processes, which could begin to occur after just a few hours, and/or mineral dissolution, which is likely to occur over time when Fe/Al oxide coatings are exposed to NOM. Moreover, this flow rate is likely appropriate for shallow, organic-rich, sandy aquifers especially when pumping is occurring.
An in-line (Hewlett Packard 8453) UV/vis spectrophotometer monitored absorbance of the column effluent at k = 254 nm (UV 254 ). Like [DOC] and other lumped detection parameters, UV 254 is representative of the total NOM concentration (Dobbs et al., 1972) , but does not distinguish among various components of NOM. Therefore, each observed NOM BTC reflects the combined breakthrough of several component fractions. Kreller et al. (2005) showed that size exclusion chromatograms for this NOM sample were nearly identical using in-line detection by [DOC] versus UV 254 , indicating that absorbance detection is appropriate for this sample. Absorbance detection provides high sensitivity at low sample volumes, which is essential for continuous measurements of column effluent. Effluent absorbance was normalized to the absorbance of the influent solution at 254 nm ([abs/abs 0 ] 254nm ) and plotted as a function of dimensionless pore volumes to construct NOM BTCs. Transport of the nonadsorbing tracer sulforhodamine B was also studied for each background electrolyte concentration at pH 5 and 8, and tracer concentration detected by UV/vis absorbance at 565 nm. All column experiments were conducted at least in duplicate, but replication was kept to a minimum to conserve the limited supply of NOM samples.
Transport modeling
Equations (1b)- (4) were fit to experimental BTC data using the CTRW toolbox-a collection of MATLAB Ò scripts for fitting CTRW model parameters to experimental data (Cortis and Berkowitz, 2005) . The software, user guide, and examples of how to use the toolbox can be downloaded freely at www.weizmann.ac.il/ESER/People/Brian/CTRW/ (accessed Sept 28, 2011). Briefly, the data are input as normalized concentration (measured here as absorbance) versus dimensional time (measured here in minutes); an initial guess for the parameters (v w , D w , b, t 1 , and t 2 ) is made, and an optimization routine is run to minimize the sum of squared differences between the CTRW model and the experimental data. The boundary conditions corresponding to the experimental setup are a known flux (Robin boundary condition) at the column inlet (x = 0), and a zero concentration gradient (Neumann boundary condition) at the column outlet (x = L). The initial condition (t = 0) is zero concentration throughout the column. The one-dimensional solute transport problem [Eq. (1b) ] with memory functionM(u) defined by the TPL model [Eqs. (2) and (3)] is solved with these conditions imposed, and the flux-averaged concentration in Laplace space (j=M w ) is numerically inverted to calculate the BTC at the column outlet.
Results and Discussion
Breakthrough of the nonreactive tracer sulforhodamine B, as illustrated in Fig. 1 , shows good agreement with the both the ADE and CTRW models. The inflection point of the BTC occurs at *1.6 min, the time needed to exchange one pore volume within the column. Because transport of a conservative (nonadsorbing) tracer is only sensitive to the velocity distribution within a porous medium, and not to the tracer's chemical characteristics, the tracer BTC data serve as an indicator of homogeneous flow within the sand columns. Cortis and Berkowitz (2004) point out that even carefully packed laboratory sand columns are intrinsically heterogeneous and that grain-scale heterogeneity can cause tracer transport to deviate from the ADE, leading to BTC tailing. Our observation of tracer transport in accordance with the ADE suggests that the potential effects of grain-scale heterogeneity in the Oyster sand columns used here are negligible with respect to larger scale transport, and that the columns may be treated as a homogeneous porous medium at the scale of measurement.
In contrast, BTCs for the NOM sample deviate from the ADE model fits, demonstrating the anomalous character of NOM transport due to complex adsorption behavior within the Oyster sand columns (Fig. 2) . The CTRW model provides a much closer fit than the ADE to the NOM BTC data, particularly at late times, demonstrating that tailing of NOM BTCs may be described in terms of a broad distribution of trapping times w(t) associated with variable effective retardation of different NOM fractions. In general, this distribution depends not only on the physicochemical diversity of the solute, but also on the heterogeneity of the porous medium. However, as described in CTRW Framework section, we assumed a homogeneous porous medium in deriving w(t). Therefore, we attribute adsorptive fractionation of NOM to a diversity of sorption behaviors within the polydisperse NOM mixture, noting that the observed behavior may reflect heterogeneity in adsorption affinity and/or associated kinetic factors. Tailing has also been observed in experiments using NLC NOM and pure mineral sands of hematite or corundum (Seders, 2010 ; data not shown), lending further support to this assumption.
Examining the BTCs in closer detail, we see how the parameters defining w(t) relate to the observed tailing. When plotted as (1 -[abs/abs 0 ] 254nm ) vs. t on a log-log scale (Fig.  3) , the NOM BTCs at late times are observed to follow a straight line defined by (1 -[abs/abs 0 ] 254nm ) = c*t -b , where c is a constant and b is a power law exponent, the same as that defined in the TPL model [Eq. (3)]. The parameters t 1 and t 2 define the time range over which this power-law relationship holds. For t 1 < t < t 2 , the power-law behavior is observed; for times t > > t 2 , transport returns to Fickian (Dentz et al., 2004) . Low values of t 1 and extremely large values of t 2 for all the NOM BTCs suggest that power-law behavior is dominant throughout the duration of the experiments. The wide range between t 1 and t 2 can be attributed to the broad distribution of trapping times w(t) associated with adsorptive fractionation of the polydisperse NOM sample.
Processes that govern this late time behavior are thought to involve reorganization of NOM molecules on the mineral surface and/or replacement of low MW fractions by those of higher MW (e.g., Zhou et al., 2001) . Dunnivant et al. (1992) suggested two-stage adsorption through direct association with the solid phase and hydrophobic bonding between adsorbed NOM and NOM in solution. McCarthy et al. (1996) argued that BTC tailing could be primarily attributed to competitive adsorption and the multicomponent nature of NOM. Competition among NOM subcomponents was examined by van de Weerd et al. (2002) , who developed a model to describe redistribution of NOM fractions during transport. Our work extends this idea to a continuous distribution of NOM subcomponents, whose effective transport can be described by w(t).
FIG. 1.
Breakthrough curves (BTCs) of conservative tracer sulforhodamine B (5 mg/L influent) at pH 5 in 0.001 M NaClO 4 on a linear (left) and log-log (right) scale. Best-fit continuous time random walk (CTRW) (solid line) and advection-dispersion equation (ADE) (dashed line) models are plotted against experimental data (squares). Close agreement between these data and the ADE model suggests homogeneous flow within the column.
Our results reveal that the extent of BTC tailing is sensitive to solution conditions. Greater tailing and decreased overall mobility of NOM are observed at lower pH and higher I (Fig. 4) , conditions that should both act to increase NOM sorption (Tipping, 1981; Vermeer et al., 1998; Zhou et al., 2001) . These results are consistent with previously observed trends in NOM transport with pH and I (Sojitra et al., 1996; Chang et al., 1997) . BTCs for the full range of solution conditions examined are included in the Supplementary Data. Breakthrough of NOM under different conditions varies substantially: a rapid rise in the concentration at early time is observed at pH 8 in 0.001 M NaClO 4 , whereas at pH 5 and 0.01 M, the BTC is much more dispersed and shifted toward later time. Nevertheless, in all cases examined, the late time behavior is characterized by extended tailing as the NOM concentration gradually approaches its maximum value. The CTRW model is consistently able to capture tailing of NOM BTCs in the experiments examined here. Changes in the degree of adsorptive fractionation are reflected by changes in the CTRW model parameters.
Best-fit parameters of the CTRW model to data under various experimental conditions are listed in Table 1 . Of particular interest is the value of b, which is determined by the nature of the dispersion. It can be shown that the TPL model with b > 2 yields Fickian transport behavior at times t > t 1 (a central limit process), whereas b < 2 is characteristic of anomalous/non-Fickian transport . Thus, the ADE can be considered as a limiting case of the CTRW formulation. Values of b > 2 for transport of the conservative tracer (Table 1) are consistent with observations that the ADE fits these data well. In this case, the parameters v w and D w correspond to the average pore velocity v and dispersion coefficient D used in the ADE, although in general, these two sets of parameters are not equivalent. In experiments with NOM, the transport velocity v w tends to increase as pH increases and ionic strength decreases, but no clear trends are observed in D w . Values of b for NOM transport range from 1.28 to 1.45, with larger values (i.e., less tailing) at higher pH and lower background electrolyte concentrations (hence lower I ).
Modeling transport of a sorbing solute is inherently challenging. The conventional approach is to use tracer tests and batch experiments to isolate and identify parameters for advection, dispersion, and sorption; however, this approach has recently been called into question. A study by Rubin et al. (2012) suggests that coupling between the processes limits applicability of parameters determined from tracer tests and batch experiments. These authors examined sorption of a single component in a heterogeneous medium, finding that sorption led to enhancement of BTC tailing relative to that of a conservative tracer. However, working within the CTRW framework, they were unable to relate transport parameters for the sorbing solute to those of the nonsorbing tracer, nor could they establish a relationship between CTRW model parameters and sorption isotherm parameters determined from batch experiments. They therefore attributed the enhanced BTC tailing to unresolved chemical heterogeneity. In contrast, we have applied CTRW to resolve the effects of variable sorption behavior among a distribution of NOM components in a physically homogeneous porous medium, assuming an effective retardation of each component, which is consistent with the observations made by Seders Dietrich et al. (2013) . Our CTRW modeling approach incorporates a continuous distribution of solute travel times, which can be understood in terms of a distribution function for R. Enhanced tailing of NOM BTCs thus may be interpreted in terms of different adsorptive properties of various components in a polydisperse solute mixture under a broad range of solution conditions.
FIG. 2.
Comparison of best-fit CTRW (solid line) and ADE (dashed line) models to data for natural organic matter (NOM) (5 mgC/L influent) in 0.001 M NaClO 4 at pH 5 (squares). Strong tailing of the experimental BTC that cannot be fit using the ADE is captured by the CTRW model. MCINNIS ET AL.
Conclusions
Seders Dietrich et al. (2013) showed that different NOM fractions (defined by MW) in the sample used here have different mobilities as quantified by observed retardation factors, most likely due to different adsorption affinities, but perhaps also due, at least in part, to adsorption kinetics. This variability in R leads to BTC tailing that cannot be captured by the classical ADE model, but as shown here, the tailing can be captured using the CTRW approach. To the best of our knowledge, this is the first application of the CTRW approach to a highly heterogeneous solute (NOM), expanding beyond its original applications to a heterogeneous porous medium. Whereas variability in the adsorption behavior of the NOM components provides a plausible explanation for the observed BTC tailing, potential use of the model in a predictive sense will require further exploration of the relationship between the parameters of the CTRW model and specific experimental conditions, such as pH, I and background electrolyte identity; physicochemical properties of the chosen adsorbent and NOM sample; and hydrologic parameters such as flow rate. A more detailed characterization of how R varies with different NOM components by MW is also needed-additional experiments using polymer standards of known MW (currently underway) may provide insight into the relative importance of molecular size and chemical composition. Additional column experiments with NOM, combining analysis of column influent and effluent MW distributions as described by Seders Dietrich et al. (2013) with additional modeling should further enhance our quantitative understanding. It is also important to note that the use of the CTRW does not formally require the assumption of constant effective retardation for individual components; indeed, its earliest applications make no such assumptions (Scher and Lax, 1973) . This is merely one manner in which to rigorously derive a CTRW as shown in the Supplementary Data. The assumption is consistent with the initial observations of Seders Dietrich et al. (2013) , but further research is needed to explore this assumption in greater detail. As more data emerge, the mechanistic understanding of the CTRW and its parameters will certainly evolve. These are topics of our ongoing research.
Tailing of NOM BTCs may have important implications for contaminant transport and groundwater remediation. NOM impacts subsurface transport of a wide variety of   FIG. 4 . Best-fit CTRW (solid line) and ADE (dashed line) models to experimental data (squares) at various conditions of pH and background electrolyte (NaClO 4 ) concentration. In all cases examined, the CTRW model provides a closer fit to the experimental data than does the ADE. Departures from the ADE are attributed to the physicochemical diversity of NOM, which leads to heterogeneous interactions with the sorbent. Greater tailing is observed at lower pH and higher ionic strength. I, ionic strength [M NaClO 4 ]; v w , transport velocity; D w , generalized dispersion coefficient; b, power-law exponent; t 1 , characteristic time marking the onset of power-law behavior; t 2 , cutoff time marking the transition from power-law behavior to (Fickian) exponential decay; CTRW, continuous time random walk; NOM, natural organic matter.
NOM TRANSPORT MODELING WITH A CTRW APPROACH
contaminants, including heavy metals, radionuclides, and aromatic hydrocarbons ( Johnson and Amy, 1995; Jordan et al., 1997; McCarthy, 1998; Wernert et al., 2003) , and different components of NOM have different affinities not only for mineral surfaces but also for various contaminants . The CTRW model should ultimately provide a more reliable framework than the traditional ADE model for predicting transport of NOM-bound contaminants in the laboratory and in the field.
